Abstract -This study aims at evaluating the effects of lime-induced differences in site fertility on fine roots. Lime was applied to ten oak (Quercus petraea and Q. robur) stands on acidic soils with low base saturation, 1-27 years before fine root sampling. The 
Introduction
For the purpose of evaluating forest productivity, vitality and soil resources, the interface between soil nutrient pools and tree roots as uptake organs to sustain above-ground growth, is of utmost importance. A [14] .
Thus, not all of the potentially available soil nutrients are accessible to tree roots owing to such an antagonistic uptake [15] . A way of evaluating the root function, that is root health and thus uptake potential, is the use of Ca/Al ratios in the tissue of fine roots [1, 6] ; Ca/Al ratios below the threshold levels indicate potential toxicity and physiological disturbance. As allocation of nutrients, after uptake, is often preferential to the canopy relative to the roots, fine roots can be good additional indicators of change in nutritional conditions in forest stands [12] . They can be very useful as stress indicators at an early stage before major deficiencies can be detected at the foliar level [8, 20] . Ten oak stands mostly situated on poor acidic forest soils were included in this study. They featured deficiencies for one or more nutrients (amongst which Ca was generally deficient). Lime as a "compensation amendment" was expected to increase fertility and productivity of these stands. The objective of this paper was to determine the lime-induced changes in soil fertility and total mineral nutrition of trees and their relationship to fine root development. In a previous paper [1] CaCO 3 or CaO. In addition to the lime amendment some complementary compounds were used: N (sites [4] [5] [6] , N, P and K (site 8) and Mg (3.5 % in the lime product on sites 9 and 10). The levels of these additions were low, especially for the N which was only applied in the oldest sites (26-27 years ago), and it was assumed that it would not have an influence on the present tree response [3] . Soil [17] , automatic titration to determine exchangeable acidity [17] , and pH-electrodes to determine pH-KCl and pH-H 2 O following standard procedures and a 1:2.5 dilution basis. Concentrations were expressed on an oven-dried (105 °C) weight basis. The fine roots (< 2 mm in diameter) were separated from the soil by wet sieving above a 4-and 2-mm sieve followed by short flotation to rinse the roots and root length was estimated by the line intersection method [16] . The [6] , and that liming increased this Ca/Al ratio in many soil layers.
According to absolute nutrient levels [3, 19] [4] (Mg/N &ge; 5, K/N &ge; 25 and P/N &ge; 5) or close to normal with low values at sites 3 (P/N) and 1 and 2 (Mg/N). [4, 20] . The decrease in Ca/N and Mg/N ratios for site 8 may be due to the fact that N was also added on that particular site.
Thus, the effect of lime on the values of the ratio of root Ca and root Mg to foliar N closely resemble those for the ratios of foliar to foliar N levels (table V). For the P/N and K/N ratios this was different (figure 2). As can be seen in this figure, for the P/N ratios, the effect of liming (expressed as nutrient level relative to N) is not very evident in the fine roots (no clear tendency), but in the foliage the P/N ratios (indicated by the symbols) tend to decrease after liming. For the K/N ratios the opposite is true: the foliar/foliar ratio is not clearly affected by liming (indicated by the symbols), while the root/foliar ratios tend to decrease.
Discussion
The adaptation of root systems to acidic soils can be achieved either by an efficient nutrient uptake, efficient utilisation of nutrients or both [10] . At poor sites allocation of assimilates to fine roots is generally higher [11] , for example when N, P or S are deficient [9] . Conversely, when subsoil acidification enhances Mg or Ca deficiency due to an imbalance in uptake, an improvement of fertility and alkalinity (by lime) may increase fine root growth [9] . In the ten oak stands included in this work, liming generally stimulated fine root development and stand growth and these effects were detectable until at least 20-25 years after the lime treatments [1] . Whether this stimulation is the result of a resolved deficiency or conversely an investment optimising uptake of nutrients that are most deficient [7] , depends on the general soil fertility and the way these nutrients are transported to the roots [21] .
The soil chemical status was improved by liming, as described in more detail in a previous paper [1] . Liming increased exchangeable Ca, Ca/Al 3+ ratio, base saturation, CEC, pH-H 2 O and pH-KCl, and decreased soil Na, Al 3+ and H + ; effects on Mg, K, S and Mn were negligible. As compared with the threshold levels [3] for soil fertility, seven stands were originally poor or very poor in Ca, four stands were very poor in Mg, four poor or very poor in K and six (probably seven) poor or very poor in P. Liming improved this clearly for Ca (four sites had a poor Ca nutrition after liming) and for Mg to a certain extent (and largest on the two sites where some Mg was present in the lime product). This improvement in fertility level for Ca and Mg was most pronounced in the first years after liming (table II, figure 1) . The availability of K (poor on four sites) and of P (poor on seven sites) was not improved. The lack of data on P levels in the soil after liming did not permit an evaluation of the liming effects for P in the soil directly, so that the foliar analyses (table V) were used to infer the absence of a P effect after liming.
Root health appeared to be improved by liming, as shown by the increased Ca/Al ratio [6] , a higher live/dead ratio of fine roots in the initial years after liming and indications of a higher root life-span [1] . The Ca/Al molar ratio in the fine roots expresses the inability or ability to take up nutrients owing to presence or absence of Al stress. In this study, toxic Ca/Al ratios of 0.10-0.20 [6, 13] figure 2 ). In contrast, they indicated retention of P relative to N in the fine roots, rather than a preferential transport to the foliage as is the case for K. As the leaves for analysis are collected in the top of the crown, this may suggest that part of the crown and the root system can be low in K already owing to dilution to the upper crown parts. Thus, P and K nutrition may become deficient in the long term.
Since Ca and Mg are less limiting after liming, the observed greater amount of fine roots after liming could be an adaptation to low P and K levels. These are both elements for which diffusion processes are more important for transport to the root than mass flow, so that an increase in the soil volume explored by fine roots is directly related to a higher access to P and K sources [21] . In accordance with this, Ca is important for cell extension [10] , so that a resolved deficiency for this element may explain the higher ability to produce fine roots. On the same sites, liming tended to slightly but significantly increase total number of mycorrhizal tips, but this depended mainly on the increase in fine root length [2] . At the same time, there was an important shift in ectomorphological morphotypes from smooth types with few or no hyphae towards hairy morphotypes with aggregated mycelium in wicks or cords. Hence, the uptake volume was not only increased after liming by increased fine root length, but also as a result of the increase in mycelium [2] . This is in good agreement with the relation between mycorrhizal associations and low phosphorus availability in acid mineral soils [10] , which occur at most of the sites used in this study.
Conclusions
In the fertility range of sites used in this study, moderate doses of lime enhanced fine root biomass of oak both in topsoil and in deeper horizons, and overall fertility and nutrition were improved for Ca and Mg but not for P and K. However, it is possible that the higher amount of fine roots observed in the stands treated with lime, is not only an expression of a higher longevity and improved fine root health (as indicated by higher live/dead and Ca/Al ratios of fine roots). It could also be a response to low P and K levels, as shown by low total levels of these elements in the soil and the nutrient ratios in foliage/foliage and foliage/root relative to N.
